Background: Fibroblast growth factor 19 (FGF19) is an enteric hormone regulating bile acid de novo synthesis by sensing ileal bile acid flux. However, the role of FGF19 in cholelithiasis has not yet been elucidated and therefore is investigated in the present study. Methods: Total mRNA and protein were isolated from ileal biopsies and used for tissue expression analysis. FGF19, 7a-hydroxycholesterol (7a-OH-Chol), 27-hydroxycholesterol (27-OH-Chol), and different bile acids were determined in the blood samples. Results: FGF19 serum levels did not differ between gallstone carriers and controls but were significantly decreased in the overweight individuals (À32%, p ¼ 0.0002), irrespective of gallstone status (normalweight to overweight controls À29%, p ¼ 0.0017; normalweight to overweight gallstone carriers À44%, p ¼ 0.0338), and correlated inversely with bodyweight (p < 0.0001, r ¼ À0.3317). Compared to non-overweight controls, apical sodium-dependent bile acid transporter expression was significantly diminished in the non-overweight gallstone carriers (À42%, P mRNA ¼ 0.0393; À52%, p protein ¼ 0.0169) as well as in the overweight controls (À24%, P mRNA ¼ 0.0148; À43%, p protein ¼ 0.0017). FGF19 expression varied widely and was similar in all groups. A significant negative correlation was noted between 7a-OH-Chol, 27-OH-Chol, and FGF19 serum levels (p < 0.01; r 7a-OH-Chol ¼ À0.2155; r 27-OH-Chol ¼ À0.2144) in obesity. Conclusion: Upregulation of hepatic bile acid synthesis via FGF 19 is defective in gallstone disease but functional in overweight individuals.
Introduction
Fibroblast growth factor 19 (FGF19) is a humoral factor with several regulatory functions including metabolic rate, 1 bile acid homeostasis, 2 and gallbladder filling. 3 FGF19 transcripts are found in the small intestine, brain, cartilage, skin, retina, and gall bladder but very low in the normal liver. 4, 5 Initial interest in FGF19 as a metabolic regulator was prompted by the phenotype of FGF15 (the mouse homologue of FGF19) of transgenic mice where decreased obesity, increased energy expenditure, reduced liver triglycerides, elevated fatty acid oxidation, and improved insulin sensitivity were observed. 1 Administration of human recombinant FGF19 increased the metabolic rate and reversed dietary and leptin-deficient diabetes in mice. 6 Besides controlling gall bladder refilling by relaxation of gall bladder smooth muscle, 3 FGF19 is also a key player involved in the regulation of bile acid homeostasis. 7 Using genetically modified mice it was shown that intestinal farnesoid X receptor (FXR)/FGF15 has a predominant role in the inhibition of bile acid biosynthesis. 8 Intestinal FGF19 expression is stimulated by bile acid mediated activation of FXR and the enterokine is secreted into the enterohepatic circulation. In addition to FXR, intestinal expression of FGF19 is regulated by several nuclear receptors such as pregnane X receptor (PXR) together with its heterodimer partner retinoid X receptor (RXR). 9, 10 In the liver, a stabilizing cofactor bKlotho is necessary for binding of FGF19 to its hepatic receptor fibroblast growth factor receptor 4 (FGFR4), creating a complex signalling through the c-Jun kinase cascade, 4 ultimately leading to suppression of cholesterol 7 alpha-hydroxylase/cytochrome P450 7A1 (CYP7A1) expression. 2 Circulating FGF19 exhibits a diurnal rhythm controlled by transintestinal bile acid flux. 11 Diminished serum FGF19 and increased bile acid synthesis were found in patients characterized by intestinal bile acid malabsorption (primary (idiopathic) bile acid malabsorption, inflammatory bowel disease, or ileal resection). 12, 13 Fasting FGF19 levels were shown to exhibit differences between cases and controls in patients with cholestasis, 14 obesity, 15 and bile acid diarrhoea. 16 In spite of its important role in energy and bile acid metabolism, the function of FGF19 in gallstone disease has not been studied. In non-overweight gallstone disease bile acid synthesis was paradoxically unchanged despite a reduction of the bile acid pool size and an increased fractional turnover. 17, 18 The latter may be related to the impaired absorption of bile acids in gallstone disease. 19 Most likely, the molecular basis of bile acid malabsorption in gallstone disease is the diminished ileal expression of apical sodium-dependent bile acid transporter (ASBT), ileal lipid binding protein (ILBP), and organic solute transporter alpha/beta (OSTa/b). 20, 21 The lack of induction of hepatic bile acid synthesis regardless of ileal loss may be a consequence of defective FGF19 response in the ileum. In the present study, we therefore analysed serum levels and ileal expression of FGF19 as well as bile acid metabolite levels, ileal bile acid transporters, and relevant transcription factors in a cohort of gallstone carriers and controls.
Patients and methods

Ethics statement
Informed consent was obtained from each patient included in the study and the study protocol confirms to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in a priori approval by the institution's human research committee (ethics committee of the University Hospital of Tuebingen and University of Tuebingen).
Subjects and materials
The selection as well as including and excluding criteria of study subjects were applied as previously described 22 and characteristics of the analysed cohort are summarized in Supplementary Table S1 (available online). Ileal mucosal forceps biopsies and fasting blood samples were collected during routine colonoscopy from a total of 168 individuals, comprising 134 healthy controls and 34 individuals with asymptomatic gallstones. As weight also depends on age [23] [24] [25] [26] [27] and the mean age was over 50 years in the analysed cohort, the normalweight group was defined as body mass index (BMI) 25.4 kg/m 2 (as a mathematical value of 25) and individuals with BMI >25.4 kg/m 2 were regarded as overweight.
For tissue gene expression analysis in an ileal mucosal biopsy, total mRNA and protein were isolated using TRIzol Reagent (Invitrogen) according to the manufacturer's protocol. The quality and quantity controls of isolated material were assessed as reported. 22 Blood samples (3-5 ml) were used for determination of total serum cholesterol and triglyceride levels as well as for bile acid metabolism profiling (measurements of bile acid synthesis markers, serum bile acid, and FGF19 concentrations). Serum triglycerides and cholesterol levels were analysed by standard clinical tests.
Determination of serum FGF19
FGF19 levels were determined using a sandwich ELISA kit (BioVendor, Czech Republic). All cooled serum samples were diluted 1:3 and analysed following the manufacturer's instructions.
Real-time quantitative reverse-transcription PCR
RT-PCR was performed with LightCycler sequence detection system (Roche Diagnostics) as reported previously. 21, 22, 28 Primer sequences used for amplifications and specific PCR conditions are listed in Supplementary Table S2 . At the end of the cycling program, a dissociation curve was calculated. The quantity for any given transcript was calculated using the second derivative maximum method. Gene-specific plasmid constructs were generated as reported previously 21, 29 and served as positive control templates. All measurements were carried out in duplicate.
Western blot analysis
The antibody used for the detection of human ASBT protein was a kind gift of Prof P Dawson (Wake Forest University, Winston-Salem, USA). Protein determination was performed as previously described. 28 
Measurement of bile acid synthesis markers
Sample preparation for determination of 7a-hydroxycholesterol (7a-OH-Chol) and 27-hydroxycholesterol (27-OH-Chol) as well as consecutive measurement by GC-MS was performed as previously described 30 with slight modifications. Details are described in the supplementary file.
Measurement of bile acids in plasma
Sample preparation and methodology for bile acid LC-MS/MS analysis is described elsewhere. 31 Fifteen bile acid species were quantified: cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid (DCA), lithocholic acid (LCA), ursodeoxycholic acid (UDCA), and their glycine (G) and taurine (T) conjugated derivates.
Statistics
For statistical analysis GraphPad Prism 5 was used (GraphPad Software, San Diego, CA, USA). Clinical characteristics of study participants and all data are presented as mean AE standard error of the mean. Differences between groups were investigated using the Mann-Whitney U-test. All correlations between variables were analysed with Spearman's rank test. All statistical tests were two-tailed and a p-value <0.05 was considered as statistically significant.
Results
Serum FGF19
In the total population, there was no difference between serum FGF19 concentration in gallstone carriers and controls (p ¼ 0.4000; Figure 1A ). Notably, fasting FGF19 serum levels exhibited a significant reduction by À32% in overweight individuals (p ¼ 0.0002; Figure 1B ). Also after stratification into weight-specific subgroups, FGF19 plasma concentrations were comparable between gallstone subjects and controls ( Figure 1C ) both in the normalweight and the overweight groups. However, overweight persons exhibited significantly lower FGF19 serum levels than non-overweight individuals independent of gallstone status (normalweight to overweight controls À29%, p ¼ 0.0017; normalweight to overweight gallstone carriers À44%, p ¼ 0.0338). Moreover, FGF19 plasma levels correlated inversely with BMI (p < 0.0001 r ¼ À0.3317). FGF19 serum levels were similar between overweight (BMI > 25.4 kg/m 2 ) and obese (BMI > 30 kg/m 2 ) individuals (data not shown).
Ileal expression of FGF19, bile acid transporters, and relevant transcription factors
Overall, there was no significant difference in FGF19 expression between gallstone carriers and controls ( Figure 2A ). As in previous investigations, 32 the wide interindividual variations of basal FGF19 mRNA expression rendered statistical comparisons difficult.
Next, the expression of ileal bile acid transporters was quantified. In essence, we confirmed our prior finding of diminished bile acid transporters expression in the intestine of female gallstone patients, 20,21 now irrespective of gender in a composite cohort of female and male gallstone carriers. The expression of all intestinal bile acid transporters was distinctly reduced in nonoverweight gallstone carriers (ASBT À42%, p ¼ 0.0393, Figure 2B ; ILBP À74%, p ¼ 0.0046, Figure 2C ; OSTa À34% p ¼ 0.1023, Figure 2D ; OSTb À52% p ¼ 0.0378, Figure 2H ). Remarkably, overweight subjects exhibited diminished bile acid transporter levels in comparison with non-overweight controls (ASBT À24%, p ¼ 0.0148; ILBP À47%, p ¼ 0.0449; OSTa À21%, p ¼ 0.0852; OSTb À22%, p ¼ 0.2342). At the protein level, ASBT expression was reduced by À52% in non-overweight gallstone carriers compared to controls (p ¼ 0.0169) and by À43% in overweight control individuals compared to normalweight controls (p ¼ 0.0017). The intestinal expression of the ASBT transporter on protein levels did not differ between overweight controls and the gallstone group (p ¼ 0.7517; Supplementary Figure S1 ).
There were significant positive correlation coefficients between the transporters (ASBT/ILBP r ¼ 0. 
Markers of bile acid synthesis
Furthermore, markers of hepatic neutral/classic (7a-OH-Chol) and acidic/alternative (27-OH-Chol) bile acid synthesis pathways were analysed and displayed as ratio of oxysterol to plasma total cholesterol level ( Figure 3 ). In line with observations from serum FGF19 levels, both markers of bile acid synthesis were comparable between controls and gallstone carriers in the total group ( Figure 3A and B) , but significantly increased in overweight individuals irrespective of gallstones (7a-OH-Chol þ20%, p ¼ 0.0055; 27-OH-Chol þ12%, p ¼ 0.0403; Figure 3C and D). Moreover, levels of the bile acid precursors were not significantly different between gallstone carriers and controls in the weight-specific subgroups ( Figure 3E and F) . Therefore, 7a-OH-Chol-and 27-OH-Chol-mediated bile acid synthesis ratios were higher in overweight individuals than in normalweight persons (þ19% p ¼ 0.0093; þ12% p ¼ 0.0806). Besides, intermediates of bile acid synthesis correlated inversely with serum FGF19 levels (7a-OH-Chol r ¼ À0.2155, p < 0.01; 27-OH-Chol r ¼ À0.2144, p < 0.01). Finally, ileal bile acid transporter as well as FGF19 expression and the markers of hepatic de novo bile acid synthesis revealed no significant association (data not shown).
Plasma bile acid concentrations
To investigate the influence of reduced bile acid reabsorption in the intestine on serum levels, the concentrations of different bile acids were measured. As shown in Figure 4 , the total amount of bile acids in plasma is significantly diminished (À74%, p ¼ 0.0374) in non-overweight gallstone carriers compared to relevant controls. This reduction was most pronounced for primary bile acids in plasma (À75%, p ¼ 0.0334), secondary bile acids in serum of normalweight gallstone carriers were not significantly reduced. In overweight gallstone carriers, the total bile acid concentration was lower by about À33% compared to overweight controls, but this effect also did not reach statistical significance (p ¼ 0.6215). Notably, bile acid concentration in overweight persons was reduced up to À21% compared to non-overweight healthy individuals (p ¼ 0.3235). Table 1 shows the data of all analysed bile acid species including their free form as well as glycine or taurine conjugates. The calculated data exhibit the uniform pattern of reduction for every bile acid type in the gallstone group. As reported by Matysik et al., 33 the glycine-conjugated primary bile acid GCDCA represented the highest plasma level, followed by TCDCA und CDCA. Remarkably, only TUDCA and CA were increased (TUDCA þ20%, p ¼ 0.4200; CA þ180%, p ¼ 0.5500) in overweight gallstone patients compared with respective controls, but without significance.
Discussion
In the present study, we examined the role of FGF19 in gallstone disease and excess weight, determining its circulating levels as well as ileal expression of FGF19, relevant transcription factors, bile acid transporters, and bile acid metabolite serum levels. The major novel finding suggests that FGF19 expression as well as concentrations in the blood do not adequately respond to the diminished ileal bile acid reabsorption in gallstone carriers and therefore fail to stimulate the bile acid synthesis in the liver. The additional non-gallstone control group of overweight individuals, where ileal bile acid reabsorption is also reduced and FGF19 concentrations are declined as expected (unlike gallstone patients), exactly showed the FGF19 response which would be expected in the case of adequate upregulation of bile acid synthesis. Accordingly, FGF19 levels are reduced and bile acid synthesis is enhanced in the overweight but not in the gallstone subjects.
The pathogenesis of gallstones is complex and is related to a large number of risk factors such as obesity, age, female gender, nutrition, and genetics. Most data point to a diminished intestinal bile acid absorption as well as pool size in gallstone patients, 17, 19 which should prompt a compensatory increase in synthesis. However, bile acid synthesis remains unaltered in non-overweight gallstone patients. 17, 18 Also, we found unchanged bile acid synthesis markers and remarkably a significant decrease of bile acids in plasma of normalweight gallstone carriers. Such a metabolic imbalance would explain the enhanced cholesterol lithogenicity due to a relative lack of bile acids in gallstone bile. This process apparently depends on ethnicity, as paradoxically in Hispanic gallstone carriers with unaltered ileal transporter expression and faecal excretion of bile acids, the level of CYP7A1 is increased. 34 To further clarify the factors involved in this dysregulation, we studied the recently identified major regulator of bile acid synthesis, FGF19.
Animal models provide evidence that stimulation of FXR-mediated intestinal FGF15 expression suppresses bile acid synthesis in the liver in a dominant way. 7 Moreover, circulating intestinal FGF19 has a pronounced diurnal variation and modulates bile acid synthesis in men. 11 Also in several diseases FGF19 is an important regulator. For example, to prevent the accumulation of toxic bile acids, the liver FGF19/FGFR4 signalling pathway was induced by the autocrine mechanism of bile acids 35 and high FGF19 plasma levels as well as increased FGF19 expression were detected in the liver of patients with extrahepatic cholestasis as a protective mechanism. 14 Otherwise, reduced plasma FGF19 levels were reported for patients with impaired glucose tolerance, Type 2 diabetes mellitus and in bile acid malabsorption, non-alcoholic fatty liver disease, inflammatory bowel disease, or ileal resection and were associated with increased bile acid synthesis. 12, 13, 15, 36, 37 Recently, in patients with idiopathic bile acid-induced diarrhoea, FGF19 and 7a-hydroxy-4-cholesten-3-one were shown to correlate negatively and FGF19 was proposed to serve as diagnostic marker for this disease. 16 Furthermore, in diabetic patients undergoing Roux-en-Y gastric bypass, lower FGF19 levels were significantly correlated with increased hepatic expression of the CYP7A1 gene, modulating bile acid production. 38 In the present study, differences in FGF19 levels and bile acid synthesis markers were found between normal weight and overweight individuals but remarkably not between gallstone carriers and non-gallstone controls of similar weight. In the additional control group of overweight individuals, ileal bile acid reabsorption is reduced and FGF19 concentrations declined as expected (unlike gallstone patients).
As in prior studies, 32 ileal FGF19 expression, which is considered to be the source of FGF19 in the circulation, varied widely and did not correlate with serum levels (Supplementary Figure S2) . These large interindividual differences in FGF19 expression are also not explained by the expression of relevant transcription factors (FXR, PXR, and RXR). In addition, FGF19 levels may be affected by sequence variations in the gene, epigenetic as well as posttranslational factors, and variations in protein degradation. The lack of change in bile acid synthesis markers is in accordance with several studies. Moreover, the diminished ileal bile acid transporter expression observed here confirms our previous reports, 20,21 now in non-overweight male patients ( Supplementary Figure S3 ).
Cholesterol and bile acid synthesis are closely linked but differ among overweight and normalweight individuals. Obesity is characterized by an excessive biliary cholesterol, less increased bile acid secretion, and a high lithogenic index. 39 Bile acid synthesis is also elevated 40 and pool size is normal or enlarged in the obese 39, 41 without evidence of bile acid malabsorption. 42 There is a loose but positive correlation between weight and bile acid formation 43 and weight reduction is associated with a reduction in biliary bile acid output. 39 Therefore, the elevated bile acid synthesis contributes to the higher rates of cholesterol balance 41 but is less than required to dissolve disproportionately elevated cholesterol in bile. 40 As FGF19 plays a central role in the suppression of bile acid synthesis and secretion, 7 it was also suggested to participate in the regulation of cholesterol, lipoprotein, triglyceride, and glucose metabolism. 1, 6 In mice, high levels of FGF19 were related to low bodyweight 1 which is in agreement with previous data in humans 15, 44, 45 and the observations in the present work.
In conclusion, bile acid transporter expression is low in normalweight gallstone patients and overweight nongallstone controls, but adaptive upregulation of bile acid synthesis through FGF19 is observed only in the overweight non-gallstone group. This might explain biliary lithogenesis in normalweight gallstone carriers through lack of induction of bile acid synthesis to balance intestinal bile acid loss.
